Self-Organizing and Stochastic Behaviors During the Regeneration of Hair Stem Cells
Maksim V. Plikus, 1 Ruth E. Baker, 2 Chih-Chiang Chen, 1, 3 Clyde Fare, 4 Damon de la Cruz, 1 Thomas Andl, 5 Philip K. Maini, 2, 6 Sarah E. Millar, 7 Randall Widelitz, 1 Cheng-Ming Chuong 1,8 * Stem cells cycle through active and quiescent states. Large populations of stem cells in an organ may cycle randomly or in a coordinated manner. Although stem cell cycling within single hair follicles has been studied, less is known about regenerative behavior in a hair follicle population. By combining predictive mathematical modeling with in vivo studies in mice and rabbits, we show that a follicle progresses through cycling stages by continuous integration of inputs from intrinsic follicular and extrinsic environmental signals based on universal patterning principles.
Signaling from the WNT/bone morphogenetic protein activator/inhibitor pair is coopted to mediate interactions among follicles in the population. This regenerative strategy is robust and versatile because relative activator/inhibitor strengths can be modulated easily, adapting the organism to different physiological and evolutionary needs.
C ontinuous stem cell (SC) regeneration is essential for the maintenance of many adult organs, for example, in the bone marrow, skin, and gastrointestinal tract. Although regenerative behavior within a single SC cluster such as the hair bulge (1) or intestinal villi (2) has been studied, it is largely unknown how the regenerative behavior in populations of these SC clusters is coordinated. During development, thousands of cells can self-organize into anatomic structures and patterns by coordinating just a few morphogenetic signals (3), as seen in the periodic patterning of skin appendages (4, 5) . We hypothesize that the regenerative cycling of adult organ SCs can be similarly coordinated by diffusible signals and self-organize into spatiotemporal regenerative patterns.
Hair offers a suitable experimental model because hair follicles (HFs) cycle through phases of growth (anagen) and rest (telogen) (6) . SCs are clustered in hair bulges, making them easier to study than SCs in other organs, where they are usually scattered randomly (7) (fig. S1A ). Growing hairs produce pigmentation patterns that allow simultaneous monitoring of the regenerative behavior of thousands of SCs (Fig. 1A) (8, 9) . Additionally, the skin is flat, restricting interactions between HFs to two dimensions, further simplifying the analysis.
We developed a cellular automaton (CA) model consisting of a regular grid of automata, with one automaton representing one HF ( fig. S1B) (10) . The eight automata surrounding one automaton are defined as its neighbors. With time, the state of each automaton changes according to rules that take into account the state of neighboring automata. Automata in certain states can interact, generating complex, self-organizing patterns based on a simple set of rules. Such patterning behavior can be globally modulated by simple rule changes in local automaton-to-automaton interactions (11) .
To form regenerative patterns, activating signals among SCs should be able to spread and stop. This is possible when SCs can differentially respond to the same signal at different times of their regenerative cycle. We previously identified four functional phases in the hair regenerative cycle: signal-propagating (P) and nonpropagating phases (A), and phases refractory (R) and competent (C) to such signals (12) . Telogen HFs in R phase cannot enter anagen because bone morphogenetic proteins (BMPs) in the surrounding skin macroenvironment keep hair SCs quiescent (12) . Telogen HFs in C phase are devoid of these inhibitors and can enter anagen as long as the sum of intrinsic and extrinsic activators is above the threshold. Intrinsic activators are produced as the result of hair SCs and dermal papilla interactions. Extrinsic activators come from neighboring P-phase anagen HFs and represent a form of collective positive feedback. Thus, HFs can enter anagen in two ways: autonomously, depending on the level of intrinsic activation, or nonautonomously, when activators are delivered by the surrounding macroenvironment. The probability of anagen entry is based on the sum of these fluctuating inputs.
We used mathematical simulations to test the sufficiency and robustness of this model. We show that the CA model encompassing P→A→R→C cycling can reproduce the full spectrum of hair regenerative patterns observed in mice: formation of initiation centers, wave spreading, maintenance of borders, and border instability (Fig. 1B, fig. S2 , and table S1).
For a model to be robust and capture conserved patterning principles, it should be capable of explaining the diverse regenerative patterns seen in mutant mice and other animals. The duration of each phase of the regenerative cycle depends on the relative strengths of activators and inhibitors (Fig. 1A) . We suggest that dif-fusible signaling molecules used for regulating SC activities within the HF are coopted to mediate interactions between neighboring HFs. Activatordriven propagation of regenerative waves and inhibitor-driven halting of wave propagation can be potentiated by respective ligands or dampened by antagonists secreted between HFs by the skin macroenvironment. Together, HF and skin macroenvironment-derived ligands and antagonists should combine to produce unique signaling profiles that define properties of P→A→R→C phases ( fig. S3 ). We assigned generic signaling profiles for each of the four phases in terms of the activator/inhibitor ratio: for P, high/low; A, high/high; R, low/high; and C, low/low (Fig. 1A) . We undertook predictive modeling by using our CA framework to anticipate how regenerative patterns might be altered by changing the level of hypothetical activators or inhibitors (Fig. 1B, fig.  S3 , and table S1). The key prediction from this model is that the strength of SC coupling can be weakened by either inhibitory pathway ligands or activating pathway antagonists.
Indeed, previously we showed that inhibitory BMP pathway ligands produced by the skin macroenvironment maintain telogen HFs in R phase and prevent them from being activated by the advancing regenerative wave (12) . To identify activating pathway(s) involved in SC coupling, we began by matching expression patterns of various diffusible antagonists with the signature pattern predicted by the CA model: P, low; A, high; R, high; and C, low. Dkk1 and Sfrp4, both diffusible WNT pathway antagonists, prominently fit this expression pattern ( Fig. 2B and fig. S5 ). Simultaneously, multiple WNT ligands are expressed by anagen HFs ( fig. S5B ) (13) and, in principle, can serve as diffusible activators to mediate regenerative coupling between HFs. This scenario predicts that competing WNT ligands and antagonists produce distinct patterns of WNT signaling: WNT is activated in C-phase telogen HFs adjacent to P-phase anagen HFs but not in the same C-phase HFs next to A-phase anagen HFs.
To gauge WNT signaling, we used BAT-gal and cond-lacZ WNT reporter mice, where lacZ expression marks canonical WNT pathway activation. Indeed, WNT reporter mice show these predictions to be true. Massive WNT pathway activation is seen in C-phase HFs ahead of the P→C regenerative wave front (fig. S8, I and K) but not along the A-C border ( fig. S8L ). According to CA model predictions, the activating pathway should demonstrate stochastic signaling in C-but not R-phase HFs, forming the basis for rare spontaneous C→P activation events. We found striking differences in WNT signaling between R and C phases. Although there is almost no WNT activation in R phase, both reporter mice show many stochastically distributed WNT-active telogen HFs in C phase (Fig. 2E and fig. S8 ). The majority of WNT-active HFs are solitary (4.9% in BAT-gal and 5% in cond-lacZ), but groups of two to four WNT-active HFs are very rare (0.23 to 0.01%) (table S3). This WNTactivity is localized not to SCs but to adjacent dermal papillae (DPs) ( fig. S8C ). We found that 99.9% of all spontaneous WNT activation events in DPs do not translate into spontaneous anagen initiations. However, when WNT activation occurs in groups of five or more DPs simultaneously (<0.01%), it leads to new anagen activation ( fig. S8J ). This illustrates the stochastic nature of activation events predicted by the model and implies that HFs work synergistically toward successful anagen reentry.
We tested the functional role of WNT signaling locally with protein-coated beads and globally with transgenic mice. Local injection of Wnt3a beads induces new regenerative waves, whereas injection of Dkk1 beads disrupts advancement of the existing regenerative wave (Fig. 2, C  and D, and fig. S7 ). Furthermore, when Wnt7a is overexpressed in K14-Wnt7a mice, there is shortening of R phase (from 28 to 12 days) and enhanced SC activation, evidenced by many more spontaneous anagen initiation events and faster wave spreading compared with that seen in WT ( Fig. 2A and figs. S6 and S10, B and C) . In cond-lacZ;K14-Wnt7a mice, nearly 100% of DPs become WNT-active in C and even R phases (Fig. 2F and fig. S8 , G and H), but no anagen reentry is observed in early R phase. A simultaneous decrease in inhibitory BMP signaling upon an R→C transition is essential for WNT-mediated anagen reentry.
By fulfilling multiple CA model predictions for a hypothetical activator, WNT signaling emerges as the key pathway for mediating regenerative coupling between hair SCs. Our data show that successful anagen reentry requires both down-regulation of BMP in the macroenvironment and spontaneous up-regulation of WNT activity in DPs (fig. S8M) not sufficient to drive anagen reentry. When several DPs adopt a WNT-active status simultaneously, they reenforce each other, and C→P activation occurs stochastically. Indeed, WNT signaling in DPs was recently shown to be critical for their anagen-inducing effect, likely mediated by secondary FGF signaling (14) . Alternatively, in regenerative waves the wave front carries many activators that induce all C-phase HFs to enter anagen.
Compared with mice, rabbits have more robust hair growth. They have compound HFs ( fig. S12 ) (15) , each containing multiple tightly packed SC clusters and DPs (Fig. 3, B to E, and fig. S11 ). The skin surface area of rabbits is also 30 times larger than in mice. We wanted to examine regenerative patterns in rabbits and see how our CA model fares against experimental data. We observed that C→P activations in all SC clusters within one compound HF are closely coupled, and in the context of our CA model they behave as one "supercluster" (one automaton) of SCs. Rabbits display complex, fractal-like regenerative patterns (Fig. 3 , A and F, and figs. S9 and S10) closely reminiscent of patterns generated by our model (fig. S4A ). By exploring their fractal geometry, we show that large pieces of regenerative patterns in rabbits remain geometrically similar to much smaller pieces of themselves ( fig. S14) . Thus, the same CA principles are effective in managing regeneration of hair SCs regardless of their total number, arrangement, or organ size. Notably, pattern-forming signaling cues are likely conserved between mice and rabbits, because activation events readily spread from rabbit to mouse HFs in the cross-species grafting system, resulting in hybrid patterns ( fig. S13 ).
Our modeling predicts that substantial increases in inhibiting signals or decreases in activating signals would reduce and eventually prevent coupling among HFs (Figs. 1B and 4) . We see this in humans, where regenerative waves are observed in fetal scalp during the first two cycles (16) but disappear in the adult, when all HFs cycle independently and randomly (17) . In adults, the lack of SC coupling makes hair regeneration depend solely on intrinsic activation mechanisms, making it particularly vulnerable to any decreases in intrinsic SC activation. Without coupling, such decreases can ultimately lead to baldness as seen in androgenic alopecia and "short anagen syndrome" (figs. S15 and S16A) (18) .
We have shown how organ-wide SC management can be achieved. We speculate that during evolution integration of signals from single to multiple HFs across skin likely facilitated the formation of new mechanisms of regeneration. SC clusters can now be regulated as one entity, allowing organ regeneration to occur episodically with an intrinsic rate ( fig. S16B, y axis) . Cooption of key WNT and BMP signaling pathways from HFs by the skin macroenvironment allows for coupling between the SC clusters ( fig. S16B, x axis) . We conjecture that such a mechanism provides animals with a simple, yet robust and effective, way to coordinate the regeneration of very large SC pop- fig. S5 ). (C and D) In bead implantation experiments, Wnt3a induces a new regenerative wave (D), whereas Dkk1 disrupts spreading of the existing regenerative wave (C) and control bovine serum albumin (BSA) has no effect (D, inset) ( fig. S7 ). White arrows show directions of anagen spreading waves; red outlines mark anagen-telogen boundaries. (E and F) In cond-lacZ WNT reporter mice, spontaneous WNT activity (blue dots) occurs in DPs in C-phase but not R-phase telogen HFs. Large clusters of WNT-active DPs are very rare (table S3) . In cond-lacZ;K14-Wnt7a mice, 100% of DPs become WNT-active throughout telogen, which induces many new anagen initiation events (white arrows) during C phase ( fig. S8 ). ulations, which would otherwise be impossible with an intrinsic activation mechanism alone. We observe that regenerative hair patterns can differ in the same animal under different physiological conditions, allowing organisms to adapt to the environment (e.g., pregnancy in mice) (12) . At the evolutionary scale, macroenvironmental regulation makes hair growth a trait that has high modulability. Lastly, beyond HFs, the experimental accessibility of this system offers a model for analyzing the fundamental principles of self-organizing behaviors in biological systems composed of coupled cycling elements. Judith M. White, 5 Benjamin Podbilewicz 1 †
Caenorhabditis elegans proteins AFF-1 and EFF-1 [C. elegans fusion family (CeFF) proteins] are essential for developmental cell-to-cell fusion and can merge insect cells. To study the structure and function of AFF-1, we constructed vesicular stomatitis virus (VSV) displaying AFF-1 on the viral envelope, substituting the native fusogen VSV glycoprotein. Electron microscopy and tomography revealed that AFF-1 formed distinct supercomplexes resembling pentameric and hexameric "flowers" on pseudoviruses. Viruses carrying AFF-1 infected mammalian cells only when CeFFs were on the target cell surface. Furthermore, we identified fusion family (FF) proteins within and beyond nematodes, and divergent members from the human parasitic nematode Trichinella spiralis and the chordate Branchiostoma floridae could also fuse mammalian cells. Thus, FF proteins are part of an ancient family of cellular fusogens that can promote fusion when expressed on a viral particle.
M embrane fusion is critical for many biological processes such as fertilization, development, intracellular trafficking, and viral infection (1) (2) (3) (4) (5) (6) . Current models of the molecular mechanisms of membrane fusion rely on experimental and biophysical analyses performed on viral and intracellular, minimal, fusionmediating machineries. Yet, how well these models correspond to the mechanisms of cell-cell fusion is unknown (4, 5) . Caenorhabditis elegans fusion family (CeFF) proteins were identified as C. elegans fusogens that are expressed at the time and place of cell fusion in vivo (7, 8) . Expression of CeFF proteins is essential for developmental cell fusion via hemifusion and sufficient to fuse cells in vivo and in insect cell cultures (8) (9) (10) .
To identify putative fusion family (FF) members in other species, we conducted sequence comparisons (4, 11) . These comparisons yielded putative members in 35 nematodes, two arthropods (Calanus finmarchicus and Lepeophtheirus salmonis), a ctenophore (Pleurobrachia pileus), a chordate (Branchiostoma floridae), and a protist (Naegleria gruberi) (Fig. 1A) . FF proteins are putative members of the "mostly b sheet super family" and share a pattern of cysteines, implying that they are conserved at the level of structure ( fig. S1 ).
To determine whether divergent FF proteins maintained their function as fusogens through evolution, we expressed FF proteins from the human parasitic nematode Trichinella spiralis (Tsp-ff-1) and the chordate B. floridae (Bfl-ff-1) in baby hamster kidney (BHK) cells and compared their fusogenic activity to AFF-1 (Fig. 1, B to F) . These orthologs share 26 and 22% sequence identity with AFF-1, respectively. We observed, by immunofluorescence, 28 T 4% and 37 T 7% multinucleation in cells transfected with Tsp-ff-1 and Bfl-ff-1, compared with 26 T 2% and 4 T 3% multinucleation in controls transfected with aff-1 and empty vector, respectively (Fig. 1F) (11) . In addition, when we expressed the EFF-1 paralog from the nematode Pristionchus pacificus in C. elegans embryos, we detected ectopic fusion of cells that normally do not fuse ( fig. S2 ). Thus, FF proteins represent a conserved family of cellular fusogens.
To explore whether FF proteins can functionally substitute for viral fusogens, we complemented VSV∆G pseudoviruses with AFF-1 ( Fig. 2  and fig. S3 ). We initially used a recombinant vesicular stomatitis virus (VSV) called VSV∆G, in which the glycoprotein G (VSVG) gene was replaced by a green fluorescent protein (GFP) reporter, to infect BHK cells overexpressing VSVG (11) (12) (13) (14) (15) (16) . The resulting VSV∆G-G viruses were capable of only a single round of infection, manifested by the production of GFP. We achieved complementation with AFF-1 by VSV∆G-G infection of BHK cells expressing AFF-1 (BHK-AFF-1), which generated pseudotyped particles carrying the nematode fusogen (VSV∆G-AFF-1). We biochemically validated incorporation of AFF-1 into VSV∆G pseudotypes by SDS-polyacrylamide gel electrophoresis, Coomassie staining, silver staining, immunoblotting, and mass spectrometry (11) . We found that the major proteins on VSV∆G-AFF-1 were the viral proteins N, P, L, M, and AFF-1. For comparison, we also analyzed VSVDG-G and VSVDG ( fig. S4 and table S5 ). Infection of BHK-AFF-1 cells with VSV∆G-AFF-1 showed a 600-fold increase compared with infection of BHK control cells not expressing AFF-1 ( Fig.  2A) . Although infection due to residual VSVGcomplemented VSV∆G (VSV∆G-G) was negli-
